Context: Emerging evidence suggests a possible link between brown adipose tissue (BAT) and bone metabolism.
B
rown adipose tissue (BAT) is specialized in dissipating energy in the form of heat as a defense against the cold through its control by the BAT-specific uncoupling protein-1 (1) . BAT was thought to disappear after infancy, but studies finding BAT in patients undergoing positron emission tomography (PET)/computed tomography (CT) have renewed the interest in deciphering the biology and function of this tissue past infancy. Although the function of BAT beyond thermoregulation remains uncertain, emerging evidence suggests signifi-cant interactions between brown adipose tissue, other soft tissues, and bone.
Brown adipocytes are derived from mesenchymal stem cells, which can also differentiate into white adipocytes, myocytes, and osteoblasts. We recently observed that pediatric patients undergoing PET/CT examinations with visualized BAT had significantly greater muscle volume than patients with no identifiable BAT, a relationship that was independent of age, sex, body mass, and season of scan (2) . We also found that the volume of BAT, like that of muscle, increases rapidly during puberty in both boys and girls (3) . These clinical observations are consistent with evidence from in vitro studies suggesting that classical brown adipocytes derive from myoblastic-like myf-5-positive precursors (4) . The observations are also in agreement with data indicating that brown adipocytes and skeletal muscle cells share many features: an abundance of mitochondria, energy expenditure via oxidative phosphorylation, and sympathetically mediated adaptive thermogenesis (5) .
Available data from animal models also suggest a possible link between BAT and bone metabolism. The retinoblastoma protein was recently identified as a mesenchymal cell-fate regulator that controlled differentiation into either the brown adipocyte or the osteoblast (6). Several reports have found this key regulator to be capable of both inhibiting adipogenic differentiation and promoting osteoblast maturation (6 -8) . Moreover, a clinical study by Bredella et al. (9) found that subjects with functionally active BAT had higher bone density values and lower levels of preadipocyte factor-1, a negative regulator of adipocyte differentiation, compared with those without BAT. Although the study was conducted in young women with anorexia nervosa, women recovered from anorexia nervosa, and normal-weight women, the positive relation between BAT and bone density remained significant after controlling for disease status and body mass. The authors concluded that BAT may be involved in the regulation of stem cell differentiation into the bone lineage at the expense of adipogenesis (10) .
Because mechanical strains derived from muscle function are essential anabolic signals for bone, the possibility exists that BAT could play an important role in the maintenance of skeletal integrity. In the current study, we examined whether there is an association between BAT volume and the development of the appendicular skeleton of children and teenagers, and we explored the contribution of muscle to this potential relationship.
Materials and Methods
The study subjects were patients successfully treated for pediatric malignancy at Children's Hospital Los Angeles (Los Angeles, CA). This retrospective study was compliant with the Health Insurance Portability and Accountability Act, and the investigational protocol was approved by the hospital's institutional review board for clinical investigations. The requirement for informed consent was waived because all imaging was performed for clinical purposes. For the purpose of this study, we reviewed all 444 PET/CT studies performed from October 2008 to January 2012 and selected the last PET/CT examination of patients who met the following criteria: 1) the patients were successfully treated for cancer and were disease free, 2) they depicted functionally active BAT, and 3) they had imaging studies that included the entire femur. Most of the study subjects were included in previous investigations (2, 3, 11) .
All PET/CT scans were performed 1-8 wk after their last form of treatment on a Gemini GXL PET/CT system (Philips Healthcare, Cleveland, OH) after a 12-hour fast. Patients were injected with fluorodeoxyglucose at a dose of 0.14 mCi/kg (12) . All studies were performed after iv and oral contrast enhancement, and all patients were indoors in room temperature (22 C) for at least 2 h before the examination. Age, height, weight, body mass index (BMI), and BMI percentile using the Centers for Disease Control and Prevention's calculator were assessed at the time of the study. A patient was considered to have BAT when two radiologists independently confirmed its presence. The radiologists also assured that the underlying CT Hounsfield units were negative and indicative of fat tissue density and that the regions of interest excluded muscle and other tissue boundaries. The distributions of Hounsfield units from the CT and PET standardized uptake values (SUV) within these BAT-visualized FIG. 1. Coregistered CT and PET images from the same subject at two different levels. Arrows point to symmetrical uptake of radiotracers by BAT in foci with high SUV (Ͼ1.5), which correspond to negative Hounsfield unit voxels (Ϫ20 to Ϫ200) in the associated CT images. The third row illustrates the corresponding segmented adipose tissue masks from Matlab. White voxels denote mostly sc WAT, whereas interscapular BAT is gray.
areas were then measured to correspond to the volume of BAT (cubic centimeters) from the base of the skull to the pubic bones. The computation of BAT volume via threshold SUV values and CT Hounsfield unit ranges was performed with scripts written in Matlab software (Mathworks Inc., Natick, MA). For the procedure, any voxel with a CT Hounsfield unit value between Ϫ20 and Ϫ200 Hounsfield units was considered adipose tissue, regardless of being brown or white. Even though Hounsfield unit values for BAT are significantly higher than those of white adipose tissue (WAT) and uptakes of these two adipose tissues do not overlap at levels exceeding 1.5 SUV (11), we used thresholds of 1 SD above the mean Hounsfield unit and a standardized uptake value of greater than 1.5 to calculate the volume of BAT (Fig.  1 ). This approach for estimating BAT volume is similar to those previously reported in literature (13) (14) (15) .
The femoral cross-sectional area (CSA) and cortical bone area (CBA), the CSA of thigh musculature (quadricep muscles, hamstring muscles, and adductor muscles), and the CSA of sc WAT were determined for both legs at the midshaft of the femur by SliceOmatic (Tomovision, Montréal, Québec, Canada). The coefficients of variations for these measurements have been previously reported to range from 0.6 to 2.5% (16) .
Descriptive and linear regression analyses were performed with Statview software (version 5.0.1; SAS Institute, Cary, NC). In most models, either the femoral CSA or the CBA was used as the outcome variable, and anthropometric measures, gender, muscle area, and the volume of BAT were used as possible independent variables. To exclude the possibility of multicollinearity, the goodness of fit of the regression models was evaluated using the postestimation procedures of Stata (StataCorp, College Station, TX). All values are expressed as mean Ϯ SD.
Results
The study cohort consisted of 40 patients (21 males and 19 females) between the ages of 6 and 19.4 yr: 35 had lymphoma, two had acute lymphoblastic leukemia, and one each had Ewing sarcoma, melanoma, and neuroblastoma. Table 1 describes the age, weight, height, BMI percentile, and the values for muscle, femoral CBA and CSA, sc fat, and BAT in all patients and for males and females separately. Although there were no significant gender differences in anthropometric and PET/CT measures for muscle, bone, and BAT, male patients tended to be taller and heavier and had greater values for muscle, bone, and BAT despite their relatively younger age. In contrast, measures of sc fat at the midthigh were significantly greater in females than in males.
Twenty-one patients were examined in winter months, six in spring, three in summer, and 10 in autumn. There were no significant differences between the BAT volumes of patients scanned in winter months compared with those scanned in nonwinter months (483 Ϯ 313 vs. 344 Ϯ 208; P ϭ 0.11); the lack of statistical significance is likely a reflection of the small number of examinations performed in nonwinter months.
As expected, there were significant correlations between the cortical and cross-sectional areas of the femur and the age, anthropometric measures, and muscle area, regardless of gender ( Table 2) . The cross-sectional dimensions of the femur were also strongly associated with BAT volume (Figs. 2 and 3 ) and with the amount of muscle at the midthigh in both males and females. The relationship between BAT and CT measures of muscle and bone tended to be stronger than those between BAT and WAT (Table 2) . Multiple regression analyses indicated that the volume of BAT was independently associated with femoral CSA and CBA, even after accounting for height, weight, and gender (Table 3 ). The addition of muscle as an independent variable increased the predictive power of the model but significantly decreased the contribution of BAT (Table 4) . Similar results were obtained when using BMI percentile rather than height and weight in the model.
Discussion
We previously found that BAT is positively associated with muscle mass (2) . The current study shows that BAT also influences bone structure. Both the cross-sectional area and the amount of cortical bone at the midshaft of the femur were positively associated with the volume of BAT from the base of the skull to the pubic bone in children and adolescents. Moreover, these relationships were independent of known major determinants of bone acquisition, such as height, weight, and gender.
The reason(s) for the link between BAT and skeletal growth in children is unknown. However, finding that the effect of BAT became nonsignificant with the inclusion of muscle in the model supports the notion that the BAT-bone link could, at least in part, be mediated by muscle. Support for this notion comes from the knowledge that maintaining optimal bone mass and structure depends on sensing and transducing mechanical loading information derived from muscle contractions (17, 18) . This adaptation of the skeleton to stress leads not only to an increase in bone mass but also to an increase in the geometric dimensions of the bone leading to increased bone strength (19) . The theory of a functionally unified muscle-bone system is further supported by a common embryogenesis of both tissues signaled via the Wnt pathway and evidence showing that they are regulated by the same hormones and genes (20) . Alternatively, the possibility exists for a direct link between BAT and skeletal development. Animal studies support a causal relationship between BAT and osteoblastogenesis. Mice lacking functional BAT were found to have very low bone mass, reduced osteoblast activity, and increased bone resorption (21) (22) (23) . Moreover, heterotrophic ossification modeled by the bone morphogenic protein-2 is known to induce the accumulation of brown adipocytes and subsequently trigger chondrocyte development and bone formation (24) .
Mechanical strains are essential anabolic signals for bone. A decrease in skeletal loading is known to diminish osteoblastic bone formation and increase osteoclastic bone resorption, resulting in a significant decrease in bone accretion and an overall loss of bone. There are physiological situations, however, in which no significant signs of disuse are seen despite minimal mechanical loading. Large hibernating mammals, for example, remarkably maintain their muscle and bone mass despite losing a third of their weight and remaining immobile over a period of nearly 7 months. Interestingly, the relative mass of BAT has been shown to markedly increase during hibernation in rodents (25) . Similarly, infancy is a developmental stage associated with large amounts of BAT and rapid increases in muscle and bone mass despite the lack of significant skeletal loading. Studies are needed to determine the degree to which BAT contributes to the physiological processes necessary for the maintenance of muscle function in hibernating animals and for musculoskeletal development in infants.
Several technical issues in regard to PET/CT must be considered for the appropriate interpretation of the current results. There is currently no consensus regarding a standard SUV threshold value for objective BAT detection and quantification by PET/CT. Unfortunately, a standard threshold would be difficult to establish because SUV can be greatly influenced by patient population, age, and vendor-specific imaging equipment and software. However, based on our previous experience (11), a SUV threshold of 1.0 -1.5 for our pediatric and adolescent patient population appears adequate because there was no overlap in CT values between subjects above and below 1.5.
This study has several notable limitations. It is based on a retrospective, cross-sectional analysis of PET/CT examinations of children and adolescents with cancer. Moreover, possible confounding variables known to be major regulators of bone, such as the degree of physical activity and nutrition, were not included in our analysis. Although we selected disease-free patients to minimize the bias associated with not recruiting healthy subjects, the findings of this study need to be corroborated in healthy populations and adult cohorts. More importantly, prospective longitudinal analyses are needed to clearly establish the degree to which this association could be mediated by muscle and how BAT could influence muscle contraction, which is an essential anabolic signal for bone.
In conclusion, the current study provides evidence for a positive association between the volume of BAT and the amount and cross-sectional dimensions of the femur. These findings in the appendicular skeleton complement existing evidence showing that young patients with functionally active BAT have greater bone mineral density measures in the axial skeleton than those without visualized BAT (10). Our results also raise the question of whether the association between BAT and bone structure is mediated by muscle. Improving our understanding of the interactions between BAT, muscle, and bone could lead to effective countermeasures to prevent the dramatic bone loss associated with skeletal unloading. 
